OPEN 



Citation: Cell Death and Disease (2014) 5, el023; doi:10.1038/cddis.2013.560 

© 2014 Macmillan Publishers Limited All rights reserved 2041-4889/14 



www.nature.com/cddis 

A cell-penetrating peptide based on the interaction 
between c-Src and connexin43 reverses glioma stem 
cell phenotype 

E Gangoso 1 , C Thirant 2 , H Chneiweiss 2 , JM Medina 1 and A Tabernero*' 1 

Connexin43 (Cx43), the main gap junction channel-forming protein in astrocytes, is downregulated in malignant gliomas. These 
tumors are composed of a heterogeneous population of cells that include many with stem-cell-like properties, called glioma stem 
cells (GSCs), which are highly tumorigenic and lack Cx43 expression. Interestingly, restoring Cx43 reverses GSC phenotype and 
consequently reduces their tumorigenicity. In this study, we investigated the mechanism by which Cx43 exerts its 
antitumorigenic effects on GSCs. We have focused on the tyrosine kinase c-Src, which interacts with the intracellular carboxy tail 
of Cx43. We found that Cx43 regulates c-Src activity and proliferation in human GSCs expanded in adherent culture. Thus, 
restoring Cx43 in GSCs inhibited c-Src activity, which in turn promoted the downregulation of the inhibitor of differentiation Id1. 
Id1 sustains stem cell phenotype as it controls the expression of Sox2, responsible for stem cell self-renewal, and promotes 
cadherin switching, which has been associated to epithelial-mesenchymal transition. Our results show that both the ectopic 
expression of Cx43 and the inhibition of c-Src reduced Id1, Sox2 expression and promoted the switch from N- to E-cadherin, 
suggesting that Cx43, by inhibiting c-Src, downregulates Id1 with the subsequent changes in stem cell phenotype. On the basis 
of this mechanism, we found that a cell-penetrating peptide, containing the region of Cx43 that interacts with c-Src, mimics the 
effect of Cx43 on GSC phenotype, confirming the relevance of the interaction between Cx43 and c-Src in the regulation of the 
malignant phenotype and pinpointing this interaction as a promising therapeutic target. 
Cell Death and Disease (2014) 5, e1023; doi:1 0.1 038/cddis.201 3.560; published online 23 January 2014 
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Connexin43 (Cx43), the most abundant connexin in 
mammals, is an integral membrane protein widely expressed 
in different tissues. In the central nervous system, Cx43 is 
strongly expressed in astrocytes where it exerts a variety of 
important biological functions. Cx43 assembles to form gap 
junction channels and hemichannels that facilitate the 
behavior of astrocytes as cellular networks, 1 ' 2 and the 
interchange of molecules between the cells and their 
extracellular medium. 3 In addition, since it was first identified, 4 
the role of Cx43 and gap junctions in regulating malignant 
phenotype has been widely studied, although there are still 
several aspects of this process that remain elusive. 5 ' 6 In 
gliomas, the most common neoplasia of the central nervous 
system, the expression of Cx43 is often reduced 7-10 and 
restoring Cx43 to these cells reduces their rate of prolifera- 
tion. 11 ' 12 Patients diagnosed with a glioblastoma multiforme, 
the most aggressive form of glioma, have a median survival of 
1-2 years 13 because of the infiltrative nature of these tumors 
that facilitates recurrence after surgery and standard therapy. 
These tumors are composed of a heterogeneous population 
of cells that include many with stem-cell-like properties, called 
glioma-initiating cells or glioma stem cells (GSCs). GSCs are 



characterized by their self-renewal capacity, their multilineage 
differentiation properties, their high oncogenic potential and 
their resistance to standard therapies. 14 There is an intense 
scientific debate on GSCs in gliomagenesis, 15 ' 16 which 
suggests that GSC phenotype is dynamic and therefore the 
reversion of GSC phenotype appears as a promising 
therapeutic strategy. Interestingly, it has been recently shown 
that restoring Cx43 reverses GSC phenotype and conse- 
quently reduces their tumorigenicity. 17 Despite the relevance 
of this function, the mechanism by which Cx43 exerts this 
effect has not been shown until now. 

The intracellular carboxy tail of Cx43 interacts with a large 
number of signaling and scaffolding proteins, 18 ' 19 thereby 
regulating cell functions such as cell adhesion, migration and 
proliferation 20-23 One of these interacting proteins is the 
non-receptor tyrosine kinase c-Src, 24 which participates in 
the stem cell phenotype. 25 ' 26 We have recently shown that the 
interaction between Cx43 and c-Src promotes a reduction in 
the oncogenic activity of c-Src in rat C6 glioma cells 27 In this 
study, we investigated whether the reversion of GSC 
phenotype promoted by Cx43 is triggered by the interaction 
between Cx43 and c-Src. On the basis of this mechanism, 
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we designed three cell-penetrating peptides and analyzed 
their ability to mimic the effect of Cx43 on GSC phenotype. 

Results 

Expression of Cx43 and activity of c-Src in GSCs. It has 

been previously shown that GSCs obtained from patient 
glioma specimens or from the glioma cell line U87 express 
low levels of Cx43. 17 In this study, we confirmed the low 
expression of Cx43 in GSCs obtained from glioblastoma 
patients, termed OB1 and TG10, 28 as compared with rat 
astrocytes or even to rat C6 glioma cells (Figure 1a). 
Gliomas, like many other tumors, exhibit a high oncogenic 
activity of c-Src. 29 We analyzed c-Src activity in OB1 and 
TG10 by measuring the levels of c-Src phosphorylated at 
Tyr-416 (Y416 c-Src), the active form of this tyrosine 
kinase. 30 ' 31 The level of activated c-Src was higher in OB1 
and TG10 GSCs than that found in rat astrocytes and similar 
to that found in rat C6 glioma cells (Figure 1a). Recently, 
GSCs obtained from glioblastoma patients (GNNS2, G179, 
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Figure 1 Cx43 expression and c-Src activity in GSCs. (a) Western blot analysis 
of Cx43, Y416 c-Src and total c-Src in 0B1 and TG10 GSCs. 58 (b) Western blot 
analysis of Cx43 expressed by G166, GNNS2, G179 and G144 GSCs characterized 
in Pollard et al 32 (c) Western blot analysis of Y416 c-Src and total c-Src G166, 
GliNS2, G179 and G144 cells. Rat C6 glioma cell line and rat astrocytes from 
primary culture were used as controls 



G166, G144) have been expanded in adherent culture, 
characterized and deposited in a cell repository. 32 We took 
advantage of the purity and stability of these cells in culture, 
which can be genetically manipulated to study the role of 
Cx43 on GSC biology. Figure 1b shows that the levels of 
Cx43 were lower in the four GSC lines tested (GNNS2, G179, 
G1 66, G1 44) than those found in the rat C6 glioma cell line or 
in rat astrocytes obtained from primary culture. Although with 
different profiles, all of them expressed c-Src, which in 
GNNS2 and G179 cells is mostly phosphorylated on Tyr 416, 
that is, in the active conformation (Figure 1c). It should be 
noted that GNNS2 and G179 cells expressed lower levels of 
Cx43 than G166 or G144 cells. Consequently, to investigate 
the role of Cx43 on GSCs, GNNS2 cells were used for the 
gain-of-function experiments, whereas G166 were used for 
the loss-of-function experiments. 

Effect of Cx43 on c-Src activity in GSCs. We have 
previously shown that restoring Cx43 expression in rat C6 
glioma cells reduces the activity of c-Src, 27 whereas silencing 
Cx43 in cultured astrocytes increases c-Src activity. 33 In this 
study, we investigated whether Cx43 also regulates c-Src 
activity in GSCs. To this end, gain- and loss-of-function 
experiments for Cx43 were carried out and c-Src activity was 
analyzed. 

As G 166 cells express a certain level of Cx43, they were 
used in loss-of-function experiments (Figure 1b). To knock- 
down Cx43, these cells were transfected with a specific 
siRNA for Cx43 (Cx43-siRNA) or a non-target siRNA 
(NT-siRNA) used as control. As soon as 2 days after 
transfection with 50 nM Cx43-siRNA, the levels of Cx43 
were strongly reduced in G166 cells (Figure 2a). This effect 
was maintained to a lesser extent 4 days after transfection. 
Concomitantly, the levels of Y416 c-Src were increased by 
about 100% and 40% after 2 and 4 days, respectively 
(Figures 2a and b). The total amount of c-Src was 
slightly increased (by about 30%) 4 days after transfection 
(Figures 2a and c). 

GNNS2 cells were used in gain-of-function experiments 
because of the lack of Cx43 expression. Thus, these 
cells were transfected with increasing concentrations of the 
construct containing Cx43 (Ires-Cx43) or with the empty 
vector (Ires). Figure 2d shows that the increase in Cx43 
expression promoted a decrease in the levels of Y416 c-Src, 
even at the lowest concentration of Ires-Cx43, 2 days after 
transfection. Indeed, the levels of Y416 c-Src decreased by 
about 35% and 25%, 2 and 5 days after the transfection of 
1 nQ/fi\ Ires-Cx43, respectively (Figures 2e and f). The total 
amount of c-Src was not significantly modified by the 
expression of Cx43 (Figures 2e and g). 

Effect of Cx43 on GSC proliferation. Next, we analyzed 
the effect of modulating Cx43 expression on the rate of GSC 
proliferation. As shown in Figure 3a, the density of G166 cells 
transfected with Cx43-siRNA was higher than that found in 
G166 cells transfected with NT-siRNA (Figure 3a). This 
observation was confirmed by analyzing the rate of growth by 
MTT (Figure 3b). To find out whether the increase in the 
number of cells was due to an increased proliferation, the 
expression of the proliferation marker Ki-67 was analyzed 
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Figure 2 Effect of Cx43 on c-Src activity, (a-c) G166 cells were transfected with 50 nM NT-siRNA or Cx43-siRNA. (a) Western blot analysis of Y416 c-Src, total c-Src, 
Cx43 and GAPDH 2 or 4 days after transfection. (b) Y416 c-Src and (c) total c-Src quantification. ***P< 0.001, **P<0.01, *P<0.05 versus the corresponding NT-siRNA. 
(d-g) GNNS2 cells were transfected with the empty vector (Ires) or with the vector containing the Cx43 cDNA (Ires-Cx43). (d) Levels of Y416 c-Src, Cx43 and a-actinin 
detected by western blot analysis after transfection with increasing plasmid concentrations, (e) Time course of Y416 c-Src, total c-Src, Cx43 and GAPDH after transfecting cells 
with 1 /uql/ul Ires or Ires-Cx43. (f) Y416 c-Src and (g) total c-Src quantification after transfecting cells with 1 ^g/^l Ires or Ires-Cx43 for 2 or 5 days. **P<0.01 versus Ires 



(Figure 3c). Our results show that the percentage of Ki-67- 
positive cells strongly increased 2 days after transfection with 
Cx43-siRNA and, to a lesser extent, 4 days after transfection 
(Figure 3d). Moreover, restoring Cx43 in GNNS2 cells 
produced the opposite effects (Figure 4). Thus, transfecting 
GNNS2 with Cx43 reduced the rate of cell growth as judged 
by phase-contrast images (Figure 4a) and MTT assay 
(Figure 4b). This reduction was due to a decrease in the 
rate of proliferation, as the percentage of Ki-67-positive cells 
strongly decreased 2 days after the transfection with Cx43 
(Figures 4c and d). 



Effect of Cx43 expression on Sox2, E-cadherin, N-cadherin 
and Id1 expression. Recent evidence suggests that 
GSC phenotype can be reversed. Interestingly, Yu et a\} 7 
have shown that transfecting Cx43 into GSCs reduced the 
expression of sternness markers, such as Sox2 and 
upregulated the expression of E-cadherin. Our results 
confirm that restoring Cx43 reduces the expression of Sox2 
and upregulates E-cadherin in GNNS2 cells, even in the 
absence of serum that could help stem cell differentiation. 
The immunocytochemistry revealed that the levels of Sox2 
decreased in most cells (Figure 5a); Sox2 was particularly 
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Figure 3 Effect of silencing Cx43 on G166 cell proliferation. G166 cells were transfected with 50 nM NT-siRNA or Cx43-siRNA. (a) Phase-contrast photomicrographs 
showing the increase in cell density 4 days after the transfection with Cx43-siRNA. (b) The number of living cells was followed for 6 days by MTT assay. The results are 
expressed as the percentages of the higher value of absorbance found (Cx43-siRNA, 6th day). **P<0.01 versusthe corresponding NT-siRNA. (c) DAPI, Ki-67 and merged 
photomicrographs of the same field showing Ki-67-positive cells (arrow) after 2 or 4 days. Scale bar = 20 /am (d) Percentage of Ki-67-positive cells. ***P< 0.001 , **P< 0.01 
versus the corresponding NT-siRNA 
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Figure 4 Effect of restoring Cx43 on GNNS2 cell proliferation. GNNS2 cells were transfected with 1 fig/fil of the empty vector (Ires) or with the vector containing the Cx43 
cDNA (Ires-Cx43). (a) Phase-contrast photomicrographs showing the reduction on cell density 5 days after the transfection with Ires-Cx43. (b) The number of living cells was 
followed for 7 days by MTT assay. The results are expressed as the percentages of the higher value of absorbance found (Ires, 7th day). **P< 0.01 versus the corresponding 
Ires, (c) DAPI, Ki-67 and merged photomicrographs of the same field showing Ki-67-positive cells (arrow) after 2 or 5 days. Scale bar = 20^m. (d) Percentage of 
Ki-67-positive cells. *P<0.05 versus the corresponding Ires 
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Figure 5 Effect of restoring Cx43 on Sox2, E-cadherin, N-cadherin and Id1 expression in GSC. GNNS2 cells were transfected with the empty vector (Ires) or with the vector 
containing the Cx43 cDNA (Ires-Cx43). (a) Immunostaining and phase contrast from the same field showing the decrease in Sox2 expression in Cx43-transfected GSCs. Scale 
bar = 20 ^m. (b) Double immunostaining showing the lack of Sox2 in Cx43-expressing cells. Scale bar= 10 ^m. (c) Western blot analysis for Cx43, Sox2, E-cadherin and 
a-actinin as a loading control, (d) Sox2 and (e) E-cadherin quantification. **P<0.01, *P<0.05 versus the corresponding Ires, (f) Double immunostaining showing the 
downregulation of N-cadherin in Cx43-expressing cells. Scale bar=10^m. (g) Immunostaining and phase contrast from the same field showing the decrease in Id1 
expression in Cx43-transfected GSC. Scale bar = 20 /urn. (h) Double immunostaining showing the lack of Id 1 in Cx43-expressing cells. Scale bar = "lO^um. (i) Western blot 
analysis for Cx43 and Id 1 . (j) Id 1 quantification. *P<0.05 versus the corresponding Ires 
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down regulated in cells containing high levels of Cx43 
(Figure 5b). Western blot analysis confirmed the reduction 
of Sox2 (by about 40%) and the upregulation of E-cadherin 
(by about 20%) expression by restoring Cx43 in GSCs 
(Figures 5c-e). Interestingly, we found a downregulation of 
N-cadherin in cells expressing Cx43 (Figure 5f and 
Supplementary Figure 1), suggesting that Cx43 promoted 
cadherin switching in GSCs. 34 

Sox2 expression 35 and the switch from N- to E-cadherin 36 
have been reported to be regulated by the inhibitor of 
differentiation Id1. Therefore, we analyzed the levels of Id1 
under our experimental conditions. So far, the relationship 
between Cx43 and Id 1 has not yet been studied. Interestingly, 
our results revealed that restoring Cx43 reduced the levels of 
Id1 in GNNS2 cells when analyzed by immunocytochemistry 
(Figures 5g and h). Western blot analysis confirmed these 



results, as the transfection of Cx43 reduced Id 1 expression by 
about 30% (Figures 5i and j). 

Participation of c-Src in the effect of Cx43 on GSC 
phenotype. As restoring Cx43 decreased c-Src activity, Id1 
and Sox2 expression and switched cadherin expression, we 
analyzed the effect of c-Src inhibition on these proteins to 
address the possible participation of c-Src on the effect of 
Cx43 on GSC phenotype. Our results show that the inhibition 
of c-Src activity promoted by dasatinib strongly decreased 
Id1 expression (Figure 6a). Other inhibitors of c-Src, such as 
saracatinib or PP2, exerted similar effects on Id 1 expression 
(Supplementary Figure 2). Furthermore, the inhibition of 
c-Src decreased Sox2 (Figure 6b) and N-cadherin expres- 
sion while increasing E-cadherin expression (Figure 6c), 
suggesting that the inhibition of c-Src promoted by the 
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Figure 6 Participation of c-Src in the reversion of GSC phenotype. GNNS2 cells were incubated with dasatinib with the indicated concentrations for 24 or 48 h. (a) Western 
blot analysis and quantification for Id1; western blot analysis for Y416 c-Src and total c-Src showing the inhibition of c-Src activity promoted by dasatinib. (b) Western blot 
analysis and quantification for Sox2. (c) Western blot analysis and quantification for E-cadherin and N-cadherin. *P<0.05; **P<0.01 versus control 
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interaction with Cx43 could be triggering the effect on GSC 
phenotype. 

Effect of cell-penetrating peptides based on Cx43-c-Src 
interaction on GSC phenotype. As our proposal is that 
Cx43 acts on GSC phenotype through its interaction with 
c-Src and as the structural basis of this interaction is 
known, 24,37 we designed three cell-penetrating peptides 
based on the region of Cx43 that interacts with c-Src. First, 
the sequence from the C-terminal domain of Cx43 containing 
the Src SH3-binding domain and the tyrosines phosphory- 
lated by c-Src (from amino acids 245 to 283 in Cx43) 24,37 was 
fused to the TAT penetrating sequence (YGRKKRRQRRR) 38 



(Figure 7a). GNNS2 cells were incubated with increasing 
concentrations of this peptide (50-100/iM), termed PEP-1, 
or with the TAT-pe net rating sequence, used as control, 
for 24 or 48 h. The immunocytochemistry for Cx43 
confirmed the efficient internalization of 50 PEP-1 into 
GSCs (Figure 7b). Our results revealed that 50 fM PEP-1 
transiently decreased c-Src activity in GSCs, as Y416 
c-Src decreased after 24 h and the levels were recovered 
after 48 h, while the total amount of c-Src was not modified 
(Figure 7c). Moreover, our results show that PEP-1 
decreased Id1, N-cadherin (only after 48 h) and Sox2 
expression and upregulated E-cadherin expression when 
compared with TAT peptide (Figure 7c). Higher concentrations 
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Figure 7 Effect of peptides based on Cx43 on GSC phenotype. (a) Sequence of the cell-penetrating peptides based on c-Src-Cx43 interaction containing the TAT 
sequence fused at the N terminus. PEP-1 : the c-Src binding domain and the tyrosines (in red) phosphorylated by c-Src (245-283); PEP-2: the residues affected by the binding 
of the Src SH3 domain (266-283) and PEP-3: the consensus SH3 binding site (274-283). (b) GNNS2 cells were incubated with 50 fM TAT or 50 fM PEP-1 for 24 h. 
Immunostaining of Cx43 and phase contrast from the same field showing the internalization of PEP-1 into GSC. Scale bar = 20 ^m. (c) GNNS2 cells were incubated with 
50 fM TAT or 50 fM PEP-1 for 24 or 48 h. Western blot analysis for total c-Src, Y41 6 c-Src, Id1 , E-cadherin, N-cadherin and Sox2. (d) GNNS2 cells were incubated with TAT or 
PEP-1 at different concentrations (75 or 1 00 fM) for 24 h. Western blot analysis for Y41 6 c-Src, Id1 , Sox2 and N-cadherin. (e) GNNS2 cells were incubated with TAT or PEP-2 
at different concentrations (50, 75 or 100//M) for 24h. Western blot analysis for Y416 c-Src, Id1 and Sox2. (f) GNNS2 cells were incubated with TAT 50 fM or PEP-2 
(50 or 100 fM) for 24 h. Western blot analysis for Y416 c-Src, E-cadherin and N-cadherin 
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of PEP-1 (75 and 100^M) strongly decreased Y416 c-Src, 
Id1, Sox2 and even N-cadherin after 24 h (Figure 7d). 

Next, we delimit the region to the Cx43 residues affected by 
the binding of the Src SH3 domain (from amino acids 266 to 
283 in Cx43), 24 without the tyrosines phosphorylated by c-Src, 
and we fused it to the TAT-penetrating sequence (Figure 7a). 
GNNS2 cells were incubated with increasing concentrations of 
this peptide (50-1 00 /M), termed PEP-2, or with TAT for 24 h. 
Our results revealed that PEP-2 decreased c-Src activity and 
Sox2 and Id1 expression in a dose-dependent manner 
(Figure 7e). In addition, the effect of PEP-2 on Src activity, 
Sox2 and Id 1 was not significantly different from that of PEP-1 
(Supplementary Figure 3). It should be mentioned that, even 
at 1 00 fiU, TAT did not show any effect on c-Src activity, Sox2 
or Id1 expression (Supplementary Figure 4). Although the 
effect on cadherin switching is not evident at 50 PEP-2, 
1 00 PEP-2 promoted a clear switch from N- to E-cadherin 
(Figure 7f). Finally, we tested the effect of the cell-penetrating 
peptide containing only the consensus SH3 binding site (from 
amino acid 274 to 283 in Cx43) fused to the TAT-penetrating 
sequence, termed PEP-3 (Figure 7a). Our results show that 
PEP-3 did not affect GSC phenotype, as judged by c-Src 



activity and Sox2 and Id 1 expression when compared with 
TAT (Supplementary Figure 3). 

As reported by Yu et al., 17 restoring Cx43 to GSCs reduced 
their ability to generate neurospheres. Similarly, our results 
revealed that PEP-1 and PEP-2 reduced the ability of GNNS2 
to generate neurospheres when compared with the control or 
TAT. However, PEP-3 did not modify the percentage of 
neurospheres formed from GSCs (Figure 8a). It has 
been reported that GNNS2 cells express oligodendrocyte 
differentiation markers, such as 04, upon differentiation. 32 
Interestingly, the presence of PEP-1 and PEP-2, but not 
PEP-3, promoted an increase in the percentage of cells 
expressing this oligodendrocyte differentiation marker, as 
compared with the controls (Figures 8b and c). 

Discussion 

As has been reported previously, 17 our study confirms that 
GSCs express very low levels of the gap junction protein 
Cx43. Interestingly, the ectopic expression of Cx43 in GSCs 
strongly reduces the tumorigenic properties of these cells. 17 
Consequently, the size of the tumors generated by 
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Figure 8 Effect of peptides based on Cx43 on GSC clonogenicity and differentiation, (a) GNNS2 cells were seeded at a density of 1 or 2 cells per well into 96-well plates 
and incubated with 50 TAT, PEP-1, PEP-2 or PEP-3. After 4 weeks, the percentage of cells forming neurospheres was determined. **P<0.01 versus the control, 
(b) GNNS2 cells were incubated with 25 fiU TAT, PEP-1 , PEP-2 or PEP-3 for 96 h. DAPI and 04 immunostaining of the same field showing 04-positive cells after PEP-1 or 
PEP-2 treatment. Scale bar = 50 ^m. (c) Percentage of 04-positive cells. ***p< 0.001 versus control 
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Cx43-transfected GSCs was smaller and these animals 
showed prolonged survival. 17 However, little is known about 
the mechanism underlying this important effect of Cx43 on 
GSCs. We had previously found that Cx43 decreased the 
oncogenic activity of c-Src in rat glioma C6 cells; 27 therefore, 
in this study we investigated whether c-Src was involved in the 
antitumorigenic effect exerted by Cx43 on GSCs. 

Our results show that changes in the levels of Cx43 are 
accompanied by changes in the oncogenic activity of c-Src in 
GSCs. Indeed, silencing Cx43 increased c-Src activity and 
augmented the rate of GSC proliferation, whereas the 
transfection with Cx43 decreased c-Src activity and GSC 
proliferation. Src activity has been tightly linked to stem cell 
self-renewal, 25 ' 26 suggesting that Cx43 could regulate GSC 
proliferation through c-Src activity. Furthermore, c-Src 
activity has been associated with resistance to anticancer 
treatments. 6 ' 18 ' 39 Therefore, the regulation of c-Src activity 
promoted by Cx43 may provide additional benefits in the field 
of glioma therapy. 

The relevance of GSCs as a therapeutic target has been 
highlighted because their sternness phenotype can be 
reverted. 15 ' 16 Interestingly, the results presented in this work 
and other studies 17 show that restoring Cx43 in GSCs 
decreases the expression of Sox2, frequently used as a 
marker of stem cells. As Sox2 is a transcription factor 
responsible for stem cell self-renewal, 26 ' 40 it could be 
suggested that the reduction in GSC proliferation caused by 
restoring Cx43 may be ultimately mediated by the down- 
regulation of Sox2. 

The expression of Sox2 is regulated by the inhibitor of 
differentiation Id1, 35 which belongs to the family of Id 
transcriptional regulators. Id1 has a helix-loop-helix (HLH) 
domain that allows it to dimerize with bHLH transcription 
factors, but lacks a DNA-binding domain. As a result, 
ld1-bHLH transcription factor heterodimers cannot bind to 
DNA, leading to the disruption of the events mediating the 
cellular differentiation. 41 Id1 is a promising therapeutic target 
because it is upregulated in high-grade gliomas 35 and more 
specifically in GSCs 42 Intriguingly, our results show that 
restoring Cx43 to GSCs reduced the expression of I d1 . This is 
a novel finding, as Cx43 has not been previously linked to this 
master regulator of genes required to maintain a stem-like 
phenotype. It should be mentioned that Id1 expression is 
regulated by c-Src activity. 43 Indeed, our data show that 
dasatinib, an inhibitor of c-Src activity, reduced Id1 and Sox2 
expression in GSCs. Therefore, it could be proposed that, by 
decreasing c-Src activity, Cx43 downregulates the expression 
of Id 1 and consequently the expression of the transcription 
factor Sox2 (Figure 9). 

In addition to its role in stem cell self-renewal, the 
transcriptional regulator Id1 has a critical role in modulating 
the invasiveness of glioma cells. Id1 knockdown markedly 
reduces cell invasion that is accompanied by profound 
morphological changes and robust reduction in expression 
levels of mesenchymal markers. 35 Thus, Id1 knockdown 
promotes a switch from N- to E-cadherin 36 that has been 
related to the reduction of the mesenchymal phenotype. 34 ' 44 
Consistent with this, Yu et aO 1 and the present study show 
that restoring Cx43 to GSCs increased the expression of 
E-cadherin. Furthermore, our results reveal that Cx43 
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Figure 9 Proposed mechanism. Our results show that restoration of Cx43 or 
the sequence of Cx43 that contains the c-Src-binding domain inhibits c-Src 
activity in GSC, which in turn downregulates the expression of the inhibitor of 
differentiation Id 1 . As Id 1 regulates Sox2 expression 35 and cadherin switching, 36 
it could be proposed that this regulator of transcription is mediating the effect of 
Cx43 on Sox2 expression and cadherin switching. Downregulation of Sox2 
reduces GSC self-renewal 40 and cadherin switching. 34 Consequently, we 
propose that Cx43 triggers this pathway to reverse GSC phenotype and 
consequently tumorigenicity 



promotes a switch from N- to E-cadherin that could be a 
consequence of the reduction in Id1 expression promoted by 
the inhibition of c-Src activity (Figure 9). In fact, our results 
show that in addition to its effect on Id1 expression, the 
inhibition of c-Src with dasatinib promoted the switch from 
N- to E-cadherin in GSCs. Therefore, we propose that the 
mechanism by which Cx43 reverses stem-like phenotype in 
GSCs is the inhibition of c-Src activity, which in turn reduces 
the expression of the transcriptional regulator Id1. As Id 1 
regulates Sox2 expression 35 and promotes cadherin 
switching, 36 it is not unexpected that restoring Cx43 reverses 
glioma stem-like phenotype and reduces the tumorigenic 
ability of GSCs 17 (Figure 9). 

On the basis of this mechanism and on the structural basis 
of the interaction between Cx43 and c-Src, 24 ' 37 we have 
designed three cell-penetrating peptides containing different 
sequences of Cx43 related to c-Src. Our results show that the 
consensus SH3 binding site (PEP-3) was not sufficient to 
mimic the effect of Cx43 on GSCs. Instead, several residues 
upstream (PEP-2) are required to revert GSC phenotype. This 
is in agreement with previous studies showing that Src SH3 
binding induces major structural changes in Cx43, which 
extend upstream in the C-terminal domain. 24 Thus, PEP-2 
reduced c-Src activity, downregulated Id1 expression and 
consequently reduced Sox2 expression and promoted 
cadherin switching. Consequently, the ability of GSCs to 
generate neurospheres decreased and the percentage of 
cells expressing differentiation markers increased, in a 
manner similar to Cx43. 17 As expected, PEP-1 also reverted 
GSC phenotype, as it includes PEP-2 sequence. Taken 
together, these results stress the relevance of the interaction 
between Cx43 and c-Src for the regulation of the malignant 
phenotype, as has been previously reported for other 
important biological functions. 45 



Cell Death and Disease 



c-Src mediates the effect of Cx43 on GSCs 

E Gangoso et al 



Although restoring Cx43 reverts GSC phenotype, 17 
this tumor suppressor effect could be counterbalanced 6 by 
its effects on invasiveness, 46 adhesion 47 and migration 48 
The majority of studies show that Cx43 increases 
invasiveness; 46 ' 49 ' 50 ' 51 however, other studies report the 
opposite, that is, a reduction of migration promoted by 
Cx43 52 ' 53 ' 54 In GSCs, the restoration of Cx43 has been 
shown to reduce invasiveness and silencing Cx43 exerts the 
opposite effect. 17 These contradictory results could be 
explained by the differences in the cell type, as has been 
shown in some studies, 55 or in the Cx43-interacting proteins. 
Indeed, the mechanism through which Cx43 affects cell 
migration has been shown to be related to the interaction of 
Cx43 with the cytoskeleton, 55-57 and/or its ability to activate 
p38 MAP kinase 49 It could be speculated that the use of 
cell-penetrating peptides, like PEP-2, that acts specifically 
on c-Src and lacks cytoskeleton-binding domains, could 
overcome this problem. However, further research is 
required. Furthermore, the restoration of a protein in the 
entire GSC population is an unsolved problem; the 
therapeutic opportunities of a cell-penetrating peptide are 
higher when compared with those of the protein, in terms 
of internalization efficiency, specificity and solubility. 
Consequently, our findings could help to develop new drugs 
that target GSCs directly and accelerate the fight against this 
devastating disease. 

Materials and Methods 

Animals. Albino wistar rats, fed ad libitum on a stock laboratory diet (49.8% 
carbohydrates, 23.5% protein, 3.7% fat, 5.5% (wt/vol) minerals and added 
vitamins and amino acids), were used for the experiments. Rats were maintained 
on a 12-h light-dark cycle. Postnatal day 1 newborn rats were used to prepare 
astrocyte cultures. The animals were obtained from the animal facility of the 
University of Salamanca and their use for this study was approved by the bioethics 
committee of this institution. 

Cell Cultures. GSC lines (G166, GNNS2, G144, G179) were obtained from 
BioRep, Milan, Italy. 32 The cells were grown in RHB-A medium (StemCells, 
Cambridge, UK) supplemented with 1% N2, 2% B27 (Life Technologies, Madrid, 
Spain), 20ng/ml EGF and 20ng/ml b-FGF (PeproTech, London, UK), as 
described previously. 32 Culture plates were coated with 10^g/ml laminin (Life 
Technologies) for 2h before use. The cells were maintained at 37 °C in an 
atmosphere of 95% air/5% C0 2 and with 90-95% humidity. 

OB1 and TG10 cells were cultured from tumor samples obtained from surgical 
resections carried out on patients at Sainte Anne Hospital (Paris, France). 
This study was approved by the Institutional Review Board and informed consent 
was obtained from all patients. The tumors were high-grade gliomas (glioblastoma), 
according to the WHO classification. Glioma stem-like cells were obtained as 
described previously. 58 Briefly, tumor samples were dissociated to form a single-cell 
suspension, which was plated on serum-free DMEM/F12 supplemented with B27, 
heparin (Stem Cell Technologies, Grenoble, France) and human recombinant EGF 
and FGF-2 (Sigma, St. Louis, MO, USA), both at a final concentration of 20ng/ml. 
Neurosphere cultures were then passaged every 11 days, by mechanical 
dissociation, to give a concentration of 50000 cells per ml in fresh medium, in 
non-coated T25 or T75 flasks. 

Astrocytes in primary culture were prepared from the forebrains of 1- to 
2-day-old wistar rats and cultured in DMEM supplemented with 10% FCS as 
described previously. 59 C6 glioma cells were cultured in DMEM supplemented with 
10% FCS as described previously. 27 

Cell treatments. Cells were treated with dasatinib (1 or 2^M; Selleck 
Chemicals, Munich, Germany), saracatinib (1 or 2 ^M; Selleck Chemicals), PP2 
(10 or 20 ^M; Calbiochem) or vehicle (DMSO) for 24 or 48 h in culture medium 
at 37 °C in an atmosphere of 95% air/5% C0 2 and with 90-95% 
humidity. The synthetic peptides (>90% pure) were obtained from GenScript 



(Piscataway, NJ, USA). YGRKKRRQRRR was used as the TAT sequence, which 
is responsible for cell penetration of the peptides. 38 The sequence PEP-1 was 
TAT-DPYHATSGALSPAKDCGSQKYAYFNGCSSPTAPLSPMSP, the sequence 
PEP-2 was TAT-AYFNGCSSPTAPLSPMSP and the sequence for PEP-3 was 
TAT-PTAPLSPMSP. Peptides were used at different concentrations (25, 50, 75 
or 100^M) in culture medium at 37 °C for the indicated time. 

Plasmid constructs and cell transfection. The plres-Cx43 construct 
was generated by ligating a PCR-amplified fragment encoding the human Cx43 
sequence (accession number: NM_000165) into the Age\-BamH\ sites of the 
bicistronic plres-puro2 vector that encodes the puromycin resistance gene. The 
fragment encoding the human Cx43 sequence was obtained by RT-PCR 
performed on a template of total RNA isolated from GNNS2 cells using the 
following primers: S'-TATATACCGGTATGGGTGACTGGAGCGCCTT-S' and 
5XGGGATCCCGCTAGATCTCCAGGTCATCAG-3'. GNNS2 glioma cells were 
transfected with the construct containing Cx43 (Ires-Cx43) or with the empty vector 
(Ires) by electroporation using Neon Transfection System (Life Technologies) 
according to the manufacturer's instructions. Transfected cells were selected with 
puromycin (0.1 ^g/ml). 

Transfection of siRNA. G166 cells were transfected with a validated NT- 
siRNA or with an siRNA specific for Cx43 (Cx43-siRNA). Cells were transfected 
with the double-strand siRNA (25 or 50 nM) complexed with 2.5 /^l/ml 
Lipofectamine 2000 (Life Technologies) in culture medium without antibiotics. 
The sequences of the Cx43 siRNAs were as follows: sense, 5'-GCUGGUUA 
CUGGUGACAGATT-3' and antisense, 5'-UCUGUCACCAGUAACCAGCTT-3'. 
The cells were maintained in the presence of the oligonucleotides in culture 
medium without antibiotics for 6 h. The extent of siRNA-mediated downregulation 
of Cx43 expression was evaluated in western blot analysis. 

Western blot analysis. Equivalent amounts of proteins (20 fig per lane) 
were separated on NuPAGE Novex Bis-Tris (4-12%) minigels (Life Technologies). 
According to their molecular size, proteins were transblotted using Iblot dry 
blotting system (Life Technologies). The membranes were cut into several strips 
to be immunoblotted with distinct antibodies, thus allowing for comparative 
analysis of the amount of each protein in the same sample. Membranes were then 
blocked for 1 h at room temperature in Tris-buffered saline containing 0.05% 
Tween (TTBS) and 7% non-fat milk powder before being incubated overnight at 
4°C with the primary antibodies against Cx43 (BD Transduction Laboratories, 
Madrid, Spain; 610062; 1 :250), Y416-Src (Cell Signaling, Danvers, MA, USA; 
2101; 1:250), total-Src (Cell Signaling; 2108 and 2110 1:500), 
Id1 (Santa Cruz Inc., Heidelberg, Germany; sc-488; 1:500), Sox2 (Abeam, 
Cambridge, UK; ab97959; 1:1000), E-cadherin (Santa Cruz; sc-7870; 1:100), 
N-cadherin (Santa Cruz; sc-7939; 1 : 500). Antibody against glyceraldehyde 

3- phosphate dehydrogenase (GAPDH) (Applied Biosystems, Madrid, Spain; 
AM4300; 1 : 5000) or a-actinin (Millipore, Billerica, MA, USA; MAB1682; 1 : 1000) 
were used as a loading control. After extensive washing, membranes were 
incubated with HRP-conjugated anti-rabbit or anti-mouse antibodies in TTBS. 
Proteins were developed with a chemiluminiscent substrate. Densitometry analysis 
of the bands was performed using Image J program (Wayne Rasband; NIH, 
Bethesda, MD, USA). The amounts of GAPDH or a-actinin recovered in each 
sample served as loading control and the values for each protein were normalized 
to their corresponding GAPDH or a-actinin level. 

Immunocytochemistry. Cells fixed with 4% (w/v) formaldehyde in 
phosphate-buffered saline for 20 min and then were blocked for 1 h at 4 °C. 
The cells were incubated overnight at 4°C with primary antibodies. Specific 
dilutions of primary antibodies used are as follows: Cx43 (BD Transduction 
Laboratories; 610062; 1 :200), Id1 (Santa Cruz; sc-488; 1 : 500), Sox2 (Abeam; 
ab97959; 1:500), Ki-67 (Sigma; P6834; 1:200), N-cadherin (Santa Cruz; 
sc-7939; 1 : 200) and 04 (1 : 2; Hybridoma Bank, Iowa City, IA, USA; kindly 
donated by Dr F de Castro). The cells were mounted using the Slowfade Gold 
Antifade Kit and they were analyzed on a Leica inverted fluorescence microscope 
connected to a digital video camera (Leica DC100; Leica microsystems, Wetzlar, 
Germany). For Ki-67 and 04 quantification, the nuclei were stained with 
^^-diamidino^-phenylindole (DAPI) (1.25^g/ml) for 5 min and at least six 
photomicrographs were taken from each plate and the number of nuclei (DAPI 
staining) and Ki-67- or 04-positive cells were counted. The percentage of Ki-67- or 

04- positive cells was calculated from the total number of cells (DAPI staining). 
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MTT assay. Cells cultured at 37 °C in 4-well plates were incubated in the dark 
for 75min with 300^1/ml of RHB-A medium containing 0.5mg/ml MTT (Sigma). 
The medium was then removed and the cells were incubated for 10 min in the dark 
with dimethyl sulfoxide (250 /u\ per well) with mild shaking. Finally, the absorbance 
was measured at a wavelength of 570 nm using a microplate reader (Multiskan 
Ascent; Thermo Electron Corporation, Thermo Scientific, Madrid, Spain). 

Clononogenic assay. Clonal properties were assessed as reported 
previously 60 by seeding 1 or 2 GNNS2 cells per well into uncoated 96-well plates 
in RHB-A medium supplemented with 1% N2, 2% B27, 20ng/ml EGF and 
20ng/ml b-FGF. After 4 weeks, the number of newly formed neurospheres was 
determined. 

Statistical analyses. The results are the means ±S.E.M. of at least three 
independent experiments. Statistical analyses were carried out with the Student's 
f-test. Values were considered significant when P<0.05. 
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